LETTER TO THE EDITOR

Dear Editor,
Histone H2B lysine 120 monoubiquitination (H2B-K120ub) is a key histone modification that plays critical roles in gene transcriptional regulation and higher order chromatin organization in many species [1] . H2BK120ub has been reported to be associated with highly expressed active genes in human cells [2] . In yeast, H2B lysine 123 monoubiquitination (the homolog of mammalian H2B-K120ub) is a determinant of two important histone H3 methylations, H3K4 methylation and H3K79 methylation [1, 3] . Histone H3K4me3 is a well-defined gene activation marker. Both H3K4 and H3K79 methylation significantly affect chromatin structure and gene transcription. In a recent study, the presence of H2B monoubiquitination was also found to stimulate H3K4me3 during gene transcription in mammals [4] , which further supports a conserved role for H2B monoubiquitination in transcription.
RAD6 is a well-characterized E2 ubiquitin-conjugating enzyme for H2B ubiquitination, and BRE1 (RNF20) is its corresponding E3 ligase [4, 5] . In our recent studies, we found that Rad6 also targets the degradation of p53 in both Drosophila and mammals [6, 7] . The molecular regulation of RAD6/BRE1 and H2BK120ub has been thoroughly investigated [5, 8] . However, the biological functions of H2BK120ub and its related enzymes in stem cell differentiation are poorly understood.
Embryonic stem cells (ESCs) have two important characteristics: self-renewal and pluripotency [9] . An increasing number of studies indicate that epigenetic regulation plays a key role in the control of these two stem cell properties [10] . The balance between histone H3K4 and H3K9 methylation is believed to be critical in determining stem cell differentiation or reprogramming [11] . Several other histone modifications, such as H3K27 methylation, also play important roles in stem cell differentiation [11] . However, are there other histone modifications that regulate stem cell differentiation? Here, we report for the first time that H2B lysine 120 monoubiquitination (H2BK120ub) is required for embryonic stem cell differentiation.
Known to be associated with the transcription of Nanog, p53 is a critical regulator of stem cell selfrenewal and reprogramming [12] . The fact that RAD6 regulates both H2BK120ub and the degradation of p53 [6, 7] raised the question of whether RAD6 also plays a role in stem cell differentiation. To test this possibility, we first performed western blot analysis to detect changes in the expression of RAD6 and several histone modifiers, including H2BK120ub. Surprisingly, we found that H2BK120ub increases substantially in the early stages of embryoid body (EB) and ESC differentiation (Figure 1A) , although no or very weak RAD6 signal was detected at the same stage (Supplementary information, Figure S1 and data not shown). As shown in Figure 1A and 1B, there was no or very weak H2BK120ub signal in the lysates of stem cells and early differentiated ESCs, as detected by H2BK120ub-specific antibodies (data not shown, EB 0 day in Figure 1A and ES in Figure 1B ). However, a dramatic increase in H2BK120ub can be detected 2 days after EB differentiation (LIF withdrawal) (LIF (-); Figure 1A ) and 7 days after ESC differentiation (LIF (-); Figure 1B ). H2BK120ub was stably maintained during EB differentiation (compare day 2 to 8 in LIF (-); Figure 1A ), and the increase in H2BK120ub seemed to occur much earlier than the decreases in Oct4 and Nanog, indicating that the presence of H2BK120ub may be an earlier event in the initiation of stem cell differentiation. We also tested changes in H3K4me3 levels in both differentiated EBs and ESCs, and found that H3K4me3 increased one-to twofold after 2 days of EB differentiation, although there was already a relatively high level of H3K4me3 in ESCs (EB 0 in Figure 1A and ES in Figure  1B) .
Next, we wondered whether the increase in H2B-K120ub was due to changes in the expression of BRE1 (RNF20) and RAD6A/B, the corresponding E3 ligase and E2 conjugating enzyme for catalyzing the monoubiquitination of H2B [5] . However, we found that no or very weak RAD6A/B signal can be detected during EB differentiation, indicating that RAD6A/B protein levels are Figure S1A and data not shown), and BRE1 protein levels decreased during EB differentiation, which is in contrast to the increase observed for H2BK120ub (Supplementary information, Figure S1A ). We next tested the effect of BRE1 on the regulation of H2BK120ub in ESCs. Our results showed that knockdown of BRE1 with shRNA indeed decreases the differentiation-induced H2BK120ub level (Supplementary information, Figure S2 ). These data showed that BRE1 (RNF20) is the corresponding E3 ligase for H2BK120ub in ESCs, although no obvious correlation at the protein level could be found between H2BK120ub and its related enzymes (RAD6 and BRE1) during ESC differentiation. Notably, a recent report showed that the maintenance of stem cells in Drosophila seems to require a deubiquitinase, Scrawny, to maintain H2B monoubiquitination at a very low level [13] , arguing the possibility that a H2BK120ub-specific deubiquitinase functions in the control of low levels of H2BK120ub in ESCs.
We next aimed to determine whether H2BK120ub directly participates in the regulation of ESC differentiation. Transfection of an H2BK120R mutant was reported to efficiently inhibit endogenous H2BK120ub levels in HEK-293T cells [2] . Therefore, we produced an H2B-K120R-GFP mutant construct to test whether a reduction in H2BK120ub affects the differentiation of ESCs. H2B-K120ub levels in differentiated ES cells after transfection with H2B-WT-GFP (H2B-WT) or H2BK120R-GFP (H2B-Mu) were determined. The results showed that the H2BK120R mutant construct indeed resulted in efficient downregulation of H2BK120ub in differentiated ESCs (7 days after LIF withdrawal) (Supplementary information, Figure S3 ). ES cells transfected with H2B-WT or H2B-Mu were further cultured under LIF withdrawal (LIF (-)) conditions for 7 days to induce differentiation followed by alkaline phosphatase (AP) staining to examine the self-renewal property of ES cells. Alkaline phosphatase is a stem cell membrane marker, and elevated expression of this enzyme is associated with undifferentiated pluripotent stem cells. All primate pluripotent stem cells, such as embryonic stem (ES), embryonic germ (EG) and embryonal carcinoma (EC) cells, show alkaline phosphatase activity, while differentiated cells have lower AP activity. The results showed that H2B-Mu ES cells have much more intense AP staining compared to that in H2B-WT ES cells (43% AP-positive colonies in H2B-Mu and 18% in H2B-WT) ( Figure 1C, upper panel) , indicating less cell differentiation. In addition, H2B-WT and H2B-Mu ES cell colonies have quite different morphology. H2B-Mu clones seem to have a better pluripotency morphology than H2B-WT ( Figure 1C, lower panel) . We also tested the effect of BRE1 (RNF20) on ESC differentiation using a similar method (AP staining). Our results showed that knockdown of BRE1 with shRNA inhibits ESC differentiation ability (37% AP-positive colonies in shRNF20 and 19% in shCont) (Supplementary information, Figure S4A) , and decreases the expression of differentiation-related genes (Supplementary information, Figure S4B ).
To further elucidate the role of H2BK120ub in regulating stem cell differentiation, we next performed RT-PCR using the H2B-WT and H2B-Mu strains differentiated for 7 days (LIF (-)) to detect changes in expression of marker genes associated with ESCs and differentiated ESCs. From the results shown in Figure 1D , we observe that the presence of the H2BK120R mutant inhibits the transcription of differentiation-related genes after LIF withdrawal for 7 days (differentiation status), while the mutant has little effect on the expression of pluripotencyrelated genes. This indicated that the presence of H2B- K120ub is essential for the transcription of differentiation-related genes but not pluripotency-related genes.
Next, we performed chromatin immunoprecipitation (ChIP) analysis to determine the direct role of H2B-K120ub in the transcription of the tested genes during ESC differentiation. As shown in Figure 1E , we found that H2BK120ub is preferentially enriched in the coding region of differentiation-related genes but not pluripotency-related genes after ESC differentiation. These results confirmed that the presence of H2BK120ub is associated with differentiation-related genes, and the reduction in H2BK120ub affected their transcription, triggering further alterations in ESC differentiation.
In summary, we report a novel role for H2BK120ub in ESC differentiation. We further propose that H2BK120ub may be a key histone modification in triggering ESC differentiation. Further studies are necessary to elucidate its regulatory mechanism and the enzymes responsible for this modification. Materials and Methods are described in the Supplementary information, Data S1. Primers used in this study are shown in Supplementary information, Table S1 .
During the revision of our manuscript, two reports were published in Mol Cell [14, 15] . They show similar results to our data and support our conclusion significantly.
